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Abstract 
Al/SiCp Metal Matrix Composites (MMCs) are the new class of materials and are rapidly replacing conventional materials in various 
applications industrial and aerospace applications.  These materials are generally regarded as extremely difficult to machine, because of the 
abrasive characteristics of the reinforced particulates.  It has poor machinability such as excessive tool wear and fracturing of the reinforcement 
particles on machined surface. It leaves behind adhered particle fragments, pits and cavities despite superior excellent engineering properties. 
These characteristics in machining of Al/SiCp MMCs tend to adversely affect the machined surface quality/integrity. Hence, an attempt is 
made to improve the machinability of Al/SiCp MMCs and surface quality by hot machining. This paper presents the results of an experimental 
research on hot machining of Al/SiCp MMCs produced by stir casting. PVD coated carbide inserts were used under dry cutting conditions. 
Experiments were carried out on CNC lathe. Experiments on Al/SiCp 10% composites of two different particle size of Silicon carbide 
reinforcement i.e. coarse and fine (220 and 600 mesh size respectively) are performed using L16 orthogonal array as per the Taguchi method. 
The study of Al/SiCp MMCs on the basis of surface integrity was tried out in order to know the machinability. The experimental study showed 
that feed, depth of cut and preheating temperature have a significant influence on cutting force, feed force, thrust force, surface roughness and 
micro-hardness variation beneath the machined surface. The micro-hardness is found to be higher near the machined surface layer and 
decreases with the depth of machined subsurface for all experimental conditions. Qualitative analysis of surface and subsurface damage is 
analysed using SEM photographs. A SEM photograph reflects the SiC particulates debonding, fracture, feed marks and smeared layer on 
machined surface. Better values of surface roughness are obtained at 60°C temperature during machining of both Al/SiC/10p/220 (0.776 µm) 
and Al/SiC/10p/600 (0.640 µm) MMCs. 
© 2015 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the Scientific Committee of 48th CIRP Conference on MANUFACTURING SYSTEMS - CIRP CMS 
2015. 
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1. Introduction 
Metal matrix composites (MMCs) form one group of the 
new engineering material that has received considerable 
research since 1980s. The most popular reinforcements are 
silicon carbide and alumina. Aluminum, titanium and 
magnesium alloys are commonly used as the matrix phase. 
Reinforcements have been used in the form of particulates, 
whiskers, or continuous fibers [1-4]. Applications of Al/SiCp 
metal matrix composites in a variety of engineering fields 
have undergone a substantial increase because of their tailor-
made properties by varying its composition [5].  In general stir 
casting is used to prepare MMCs. In stir casting of MMCs 
involves producing a melt of selected matrix material followed 
by the introduction of reinforcement material into the melt and 
the dispersion of the reinforcing material through stirring [6]. 
The distribution of SiC particulates in cast is a major factor in 
determining the properties of MMCs. Dabade and Joshi [3] 
reported that cutting force component in Al/SiC/30p/220 
reduced by 15–45% while machining at 60°C than these 
machined at room temperature. The cutting force reduces 
significantly as cutting speed increases from 40 to 120 m/min 
at 60°C work temperature. They also found that further 
increase in work temperature to 90 and 120°C causes an 
increase in cutting force components. Manna and 
Bhattacharayya [7] found that the feed force and cutting force 
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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gradually decreases by increasing cutting speed during turning 
of Al/SiCp−MMCs. Reddy and Sriramakrishna [8] observed 
reduction in cutting force when cutting speed was increased. 
Further Manna and Bhattacharayya [7] added that the feed 
force and cutting force both increases with increase in depth of 
cut and feed rate. Dabade and Joshi [9] found that wiper 
inserts required less cutting force than wiperless inserts and 
reduction in surface roughness of Al-matrix, Al/SiC/10p and 
Al/SiC/30p by about 35-38% than the conventional inserts. 
Dabade et al. [13] observed reduction in feed marks, pits and 
cracks on the machined surfaces of Al/SiCp/30p using wiper 
inserts. Machining of Al/SiC/10p, the surface finish is better at 
higher cutting speed, whereas in the case of Al/SiC/30p, the 
surface finish is better at lower cutting speed. Sahoo et al. [12] 
found that feed is the most significant parameter for surface 
roughness. Surface roughness decreases at higher cutting 
speed during machining of Al/SiCp-MMCs. Kannan and 
Kishawy [14] found that application of the coolant causes the 
loosely bonded particulates to be flushed away resulting in 
higher percentage of voids and pits that deteriorate the quality 
of the finished surface during dry and wet cutting. Kok [15] 
found that the surface roughness value of the K10 tool was 
higher than that of the TP30 tool. The surface roughness 
increased with an increase in the cutting speed and decreased 
with increasing the size and volume fraction of particles for 
both tools in all cutting conditions. Dabade et al. [16] have 
observed that the surface roughness is higher for coarser 
reinforcement than finer reinforcement. Muthukrishnan et al. 
[17] carried out turning of Al/SiCp MMCs; they found that the 
formation of relatively stable BUE ensured higher tool life at 
the cutting speed of 200 m/min, which can be effectively used 
for rough machining applications. From literature study, poor 
machinability of MMCs is attributed to the presence of 
ceramic reinforcements, resulting in high machining forces 
and bad surface finish, which restricts their widespread use in 
industrial applications. They  are very difficult to machine by 
the conventional way, therefore a new machining method 
called as hot machining have been introduced. Hot machining 
utilizes external heat sources to increase the temperature of the 
cutting area to facilitate the machining of MMCs. Pre-heating 
lowers the yield strength of matrix material. This process 
reduces the mechanical processing energy on the tool. The 
present work carried out in hot machining of metal matrix 
composites to perform analysis of response variables such as 
force components, surface roughness, micro-hardness 
variation and microstructure beneath the machined surface. 
The current study was initiated to investigate the scope of 
preheating the work material to low temperature. Thus for 
Al/SiCp MMCs work material preheating was performed from 
a  room temperature (RT) to 100°C in steps by using 
resistance heating approach prior to turning operation. 
2. Experimental Details 
In this investigation, MMCs of SiC reinforcement of two 
mesh size i. e. 220 and 600 were used (Al/SiC/10p/220, 
Al/SiC/10p/600). The size of specimen was 60 mm in length 
and 22 mm in diameter. The turning length was 15 mm. The 
experimental studies were carried out on a MTAB CNC 
turning center. All the experiments were conducted under 
resistance preheating conditions (RT, 60°C, 80°C, and 100°C). 
Sandvik make PVD coated CNMG 12 04 08 insert was used 
for experimentation purpose.  A Taguchi method-based design 
of experiment involving L16 orthogonal array was chosen for 
this experimentation. Accordingly, 16 experiments were 
performed on each composite material; hence total of 32 
experiments were performed. For every experimental run a 
fresh insert cutting edge was used for making suitable analysis 
and comparison. During turning experiments, machining 
forces were measured using a 3-component piezo-electric 
force dynamometer (Kistler make, model 9257). The 
dynamometer was set on the turret face of the turning centre 
using a fixture. A photograph of the force measurement 
system used during machining is shown in Fig. 1. The surface 
roughness was measured using a Mitutoyo SJ-201 with cut-off 
length of 0.8 mm. The surface roughness was measured at 
three points on the specimen and average of that was taken as 
final roughness value. The specimen cut radially into two 
pieces, of which one was used for measuring micro-hardness 
variation beneath the machined surface, the second was used 
for SEM analysis. The first part of the sample was then 
encapsulated in an epoxy mold and then subjected to a series 
of polishing stages across the machined surface. Latter 
samples were used for micro-hardness measurement to 
analyze effect of machining on micro-hardness variation 
beneath the machined surface. The measurement of micro-
hardness on each specimen was done by taking indentation on 
the cross section at 40 to 280 µm below the machined surface 
at an interval of 40 µm. A load of 0.025kgf was applied for 10 
seconds duration in this measurement. The second part of 
sample used to analyze subsurface damage using Scanning 
Electron Microscope (Make: JEOI-JSM 6360). 
 
 
 
 
Fig.1 Experimental Setup 
 
Table 1 Process parameters and their levels. 
 
Process Parameters Levels 
1 2 3 4 
Cutting Speed (m/min) 25 50 75 100 
Feed (mm/rev) 0.05 0.1 0.15 0.2 
Depth of Cut (mm) 0.4 0.6 0.8 1.0 
Preheating Temp.(0C) RT 60 80 100 
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Table 2 ANOVA (P values) for force components, surface roughness and 
micro hardness of Al/SiC/10p/220 and Al/SiC/10p/600 MMCs 
 
P - Values for Al/SiC/10p/220 
Source Cutting Force 
Feed 
Force 
Thrust 
Force 
Surface 
Roughness 
Micro-
hardness 
Cutting Speed 
(m/min) 
0.381 0.733 0.763 0.488 0.156 
Feed 
(mm/rev) 
0.002 0.013 0.006 0.123 0.108 
Depth of Cut 
(mm) 
0.004 0.006 0.038 0.387 0.064 
Preheating 
Temp.( 0C) 
0.067 0.119 0.715 0.175 0.042 
 
P - Values for Al/SiC/10p/600 
Source Cutting Force 
Feed 
Force 
Thrust 
Force 
Surface 
Roughness 
Micro-
hardness 
Cutting Speed 
(m/min) 
0.542 0.367 0.867 0.713 0.669 
Feed 
(mm/rev) 
0.01 0.022 0.022 0.014 0.056 
Depth of Cut 
(mm) 
0.012 0.005 0.058 0.237 0.123 
Preheating 
Temp.( 0C) 
0.356 0.156 0.76 0.054 0.026 
3. Experimental Results and Discussions 
MINITAB version-16 software was used to carry out 
statistical analysis involving Analysis of Variance (ANOVA) 
and Analysis of Means (AOM) on the experimental data 
3.1. Statistical Analysis of Force Components 
In ANOVA for force components of Al/SiC/10p/220 and 
Al/SiC/10p/600 composites is given in Table 2 and the AOM 
plots for the same are shown in Fig. 2 and 3 respectively. 
ANOVA results indicate that the all three machining force 
components are significantly influenced by feed rate and depth 
of cut at 95% confidence level, see Table 2. An increase in 
feed rate, depth of cut increases all the machining force 
components (see Fig. 2 and 3) due to an increase in the area of 
undeformed chip cross-section, given by: Ac = feed h depth 
of cut. Cutting speed does not have significant influence on 
machining force components in machining of both composite 
materials (refer Table 2). AOM plots in Fig. 2 (a) and 3 (a) 
indicate that a change in cutting speed from 25 to 100 m/min 
causes very little change in the magnitude of cutting, thrust 
and feed forces. The thrust forces show dependence on the 
size of reinforcement at a given cutting speed. The feed forces 
are higher in machining of coarser reinforcement than in the 
case of finer reinforcement MMCs. The preheating 
temperature does not have significant influence on machining 
force components (refer Table 2). AOM plots for coarser 
reinforcement MMCs shown in Fig. 2 (a, b, c)  indicate that a 
change in preheating temperature from RT to 60°C machining 
force components decreases, however at  100°C temperature it 
increases. AOM plots of finer reinforcement MMCs shown in 
Fig. 3 (a, b, c) indicate that a preheating of work material up to 
80°C temperature machining force components (Cutting and 
thrust) decreases and further increase in temperature to 100°C 
increases the machining force components. 
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Fig.2 Main effect plots of  Al/SiC/10p/220 composites for            
a) Cutting force b) Radial force c) Feed force 
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(a) Cutting force 
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(b) Radial force 
 
100755025
80
70
60
50
40
30
20
10
0.200.150.100.05 1.00.80.60.4 1008060RT
Cutting Speed(m/min)
M
ea
n
 F
ee
d 
F
or
ce
 (
N
)
Feed(mm/rev) Depth of cut (mm) Temprature(deg. cel.)
 
(c) Feed force 
 
Fig. 3 Main effect plots  of Al/SiC/10p/600 composites for  
a) Cutting force b) Radial force c) Feed force 
 
3.2 Statistical analysis of the surface roughness 
    ANOVA for surface roughness of Al/SiC/10p/220 and 
Al/SiC/10p/600 composites is given in Table 2 and the AOM 
plots for surface roughness of both composites are shown in 
Fig. 4(a) and (b) respectively. ANOVA results indicate that 
the feed rate and preheating temperature significantly 
influences the machined surface roughness during machining 
of Al/SiC/10p/600 at 95% confidence level and 
Al/SiC/10p/220 at 85% confidence level (refer Table 2). The 
AOM plot in Fig. 4 (a) and (b) indicates that an increase in 
feed rate increases the machined surface roughness, which is 
known from the classical relation between surface roughness 
and feed rate and the tool nose radius, given by: Ra = f2 / 32r. 
Fig. 4 (a) and (b) indicate that a change in preheating 
temperature from RT to 60°C surface roughness decreases and 
further increase in temperature increases the surface 
roughness.  
3.3 Analysis of micro-hardness variation beneath the 
machined surface  
The micro-hardness variation along the cross section of the 
machined surface at an interval of 40 µm and up to a depth of 
280 µm is carried out (refer Fig. 5). It appears that the micro-
hardness is higher near the machined surface (at 40 µm depth) 
but gradually decreases at a distance of 280 µm. P - values of 
ANOVA are given in Table 2 and the AOM plots for 
Al/SiC/10p/220 and Al/SiC/10p/600 MMCs are shown in Fig. 
6 (a)  and (b) respectively. ANOVA results indicate that the 
feed rate and preheating temperature are most significant 
parameter which influences the micro-hardness during 
machining of both composites (refer Table 2). The AOM plot 
in Fig. 6 (a) and (b) indicates that that micro-hardness is 
higher for the finer reinforcement than the coarser 
reinforcement composites.  
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Fig. 4 Main effect plots of  surface roughness for 
a) Al/SiC/10p/220 b) Al/SiC/10p/600 
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Fig. 5 Typical specimen of Vickers micro-hardness indentations 
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(a) Al/SiC/10p/220 
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Fig. 6 Main effect plots of micro-hardness variation for       
a) Al/SiC/10p/220 b) Al/SiC/10p/600 
 
3.4 Analysis of surface integrity 
 
    The machined surfaces were observed under SEM to 
analyze the surface integrity.  The SEM photographs of the 
machined surfaces on Al/SiC/10p/220 and Al/SiC/10p/600 
MMCs are shown in Fig. 7 and 8 respectively. It is observed 
that finer reinforcement composites effective in reducing the 
number of feed marks, pits and cracks than the coarser 
reinforcement composites (refer Fig. 7 and 8). In case of 
Al/SiC/10p/600 composites, the machined surface is much 
better than Al/SiC/10p/220, compare Fig. 8 with Fig. 7. The 
machined surfaces generated due to finer reinforcement 
composites particles adhered on them, refer Fig. 8. On the 
other hand, the machined surfaces with coarser reinforcement 
composites show presence of pits on machined surfaces see 
Fig. 7. Thus, it may be concluded that fine reinforcement 
particles in improving the quality of machined surface. 
Similar results were reported by Dabade and Joshi [3]. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7 SEM photographs of Al/SiC/10p/220  machined surface  
(V=100 m/min , f=0.05 mm/rev, doc= 1.0, Temperature= 60°C) 
Fig. 8 SEM photographs of Al/SiC/10p/600  machined surface 
(V=100 m/min , f=0.05 mm/rev, doc= 1.0, Temperature= 60°C) 
4. Conclusions 
The experimental work deals with the analysis of a number 
of parameters, which are related to integrity of machined 
surfaces on Al/SiC/10p/220 and Al/SiC/10p/600 composites. 
Based on this work it is concluded that: 
 
 The analysis of experimental results indicates that feed 
and depth of cut have a significant influence on cutting 
forces.  
 Feed and preheating temperature have a significant 
influence on surface roughness and micro-hardness 
during hot machining of Al/SiCp MMCs. 
 Lower cutting forces are observed at 80°C and 100°C 
temperature during machining of Al/SiC/10p/600 
(28.24N) and Al/SiC/10p/220 (38.81 N) respectively. 
 Better values of surface roughness are obtained at 60°C 
temperature during machining of both Al/SiC/10p/220 
(0.776 µm) and Al/SiC/10p/600 (0.640 µm) MMCs. 
 The micro-hardness is found to be higher near the 
machined surface layer and decreases with the depth of 
machined subsurface for all cases. This is a result of 
remarkable work hardening of the matrix material beneath 
the surface layer. 
 The SEM analysis of the machined surface shows that the 
number of feed marks, pits and cracks on the machined 
surface are significantly reduced in the case of 
Al/SiC/10p/600 composites. The presence of matrix 
coated fragments of reinforcement particles was evident 
on the   machined surface. 
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